Canonical NMDA receptors assemble from two glycine-binding NR1 subunits with two glutamate-binding NR2 subunits to form glutamate-gated excitatory receptors that mediate synaptic transmission and plasticity. The role of glycine-binding NR3 subunits is less clear. Whereas in Xenopus laevis oocytes, two NR3 subunits coassemble with two NR1 subunits to form a glycine-gated receptor, such a receptor has yet to be found in mammalian cells. Meanwhile, NR1, NR2, and NR3 appear to coassemble into triheteromeric receptors in neurons, but it is not clear whether this occurs in oocytes. To test the rules that govern subunit assembly in NMDA receptors, we developed a single-molecule fluorescence colocalization method. The method focuses selectively on the plasma membrane and simultaneously determines the subunit composition of hundreds of individual protein complexes within an optical patch on a live cell. We find that NR1, NR2, and NR3 follow an exclusion rule that yields separate populations of NR1/NR2 and NR1/NR3 receptors on the surface of oocytes. In contrast, coexpression of NR1, NR3A, and NR3B yields triheteromeric receptors with a fixed stoichiometry of two NR1 subunits with one NR3A and one NR3B. At least part of this regulation of subunit stoichiometry appears to be caused by internal retention. Thus, depending on the mixture of subunits, functional receptors on the cell surface may follow either an exclusion rule or a stoichiometric combination rule, providing an important constraint on functional diversity. Cell-to-cell differences in the rules may help sculpt distinct physiological properties.
NR3 ͉ total internal reflection ͉ single-molecule fluorescence ͉ subunit stoichiometry ͉ triheteromeric I on channels, receptors, and other proteins involved in transmembrane signaling are often composed of several different kinds of subunits. The composition can vary depending on the state of the cell and the availability of subunit types, which depends, in turn, on protein production and subcellular localization. Based on subunit availability and interaction affinity, complexes may form in one or more fixed stoichiometries or form with heterogeneous stoichiometries. Bulk assays may not be able to distinguish between these possibilities and could have difficulty in determining the pattern of assembly in specific subcellular compartments, in particular, separating plasma membrane fractions and intracellular membrane compartments. We used an optical approach to determine the subunit composition of integral membrane proteins complexes at the singlemolecule level. Measurements were made simultaneously for many complexes, yielding distributions from which it was possible to deduce the rule that governs complex assembly. The single-molecule approach is compatible with normal (low) levels of protein expression, where the formation of nonnative highorder complexes and aggregation are avoided.
Our technique is based on the colocalization of single subunits of a macromolecular complex that are fused to fluorescent protein (FP) tags of different colors. By using the GFP tag along with a red fluorescent tag derived from tdTomato, it was possible to determine the incidence of green and red fluorescence colocalization in many single molecules at the same time. Expression of the protein in Xenopus laevis oocytes at a controlled membrane density creates reproducible labeling and imaging conditions. Total internal reflection (TIR) fluorescence microscopy was used to restrict the illumination to the plasma membrane, thereby excluding fluorescence from the intracellular space and focusing on receptors that have passed through the quality-control process of cell surface targeting. By taking into account all of the complexes that are found within the imaged area of the membrane, we can provide a full quantitative description of the degree of subunit association.
One prominent example of multisubunit heteromeric membrane proteins is the NMDA receptor. NMDA receptors are excitatory receptors in neurons that play a fundamental role in neuronal development, synaptic transmission, and synaptic plasticity. They form heterotetrameric channels containing two obligatory glycine-binding NR1 subunits and two other subunits, either from the NR2 subfamily (2A, 2B, 2C, 2D) or the NR3 subfamily (3A or 3B) (1) (2) (3) (4) . The non-NR1 subunits confer onto the receptor distinct physiological properties that lead to a diversity of NMDA receptor function (5) . NR2 subunits bind glutamate and form NR1/NR2 receptors that require glycine and glutamate for activation (6) . NR3 subunits bind glycine and NR1/NR3 receptors are gated by glycine alone; however, excitatory glycine receptors have not yet been observed in neurons expressing the NR3 subunit (7, 8) .
There remain gaps in our understanding of the rules that govern the subunit stoichiometry of NMDA receptors. Of particular interest has been a proposed interaction of NR3 subunits with the conventional NR1/NR2 subunit combination. When coexpressed with NR1 and NR2 in Xenopus oocytes, NR3 produced a pronounced decrease in NMDA-and glutamateinduced currents compared with NR1 and NR2 alone, leading to the conclusion that either NR1/NR2/NR3 receptors form and have a lower conductance or NR3 interferes with trafficking or assembly of the NR1/NR2 receptor (9) (10) (11) (12) (13) (14) . More recently, NR1 and NR3 without NR2 were found to form a glycine-gated channel in oocytes that, unlike NR1/NR2, is not blocked by extracellular Mg 2ϩ or the NMDA receptor antagonist 2-amino-5-phosphonovalerate (APV) (7) . However, in neurons no excitatory glycine receptors were found in vivo or upon overexpression of NR3 with or without other NMDA receptor subunits (15) . In contrast, there is evidence that the triheteromeric NR1/NR2/NR3 receptor forms in parietooccipital cortical neurons of P8 mice, based on the observation of single-channel currents with reduced amplitude that were induced by NMDA, were Mg 2ϩ -insensitive, and could be blocked by APV, properties that could not be attributed to either NR1/NR2 or NR1/NR3 receptors (16) . In HEK293 cells, upon coexpression of one type of NR3 (NR3A or NR3B) with NR1/NR2, the NMDA-induced Ca 2ϩ permeability of the cells changed and channels with reduced conductance were observed, also supporting the formation of NR1/NR2/NR3 triheteromers because NR1/NR3A or NR1/NR3B receptors do not form in HEK293 cells (12, 14, 17) . It is noteworthy, however, that although coexpression of NR1/ NR2/NR3 appears to consistently result in reduced whole-cell current when compared with expression of NR1/NR2 in both oocytes and HEK 293 cells, Sucher et al. (9) failed to detect a change in the Mg 2ϩ sensitivity of NMDA-or glutamate-induced currents in oocytes and Nishi et al. (11) failed to do so in HEK 293 cells. In another study, upon coexpression of NR1, NR2, and NR3, single channels in oocytes were observed that showed a reduced conductance, low Ca 2ϩ permeability, and Mg 2ϩ insensitivity (16) ; however, these could have been NR1/NR3 channels, as there was no indication that they actually contained the NR2 subunit. Thus, it is possible that in some cell types, including neurons in the primary brain regions expressing NR3, coexpression of NR3 may not result in the formation of triheteromeric NR1/NR2/NR3 channels.
Recent work on NR3-containing receptors in HEK293 cells raised the additional question of whether NR1, NR3A, and NR3B coassemble into triheteromeric receptors. Smothers and Woodward (17) observed that coexpression of NR1 with NR3A alone or with NR3B alone did not produce glycine-or glutamateinduced currents in HEK293 cells, but coexpression of NR1, NR3A, and NR3B together gave robust glycine-gated currents. In contrast, coexpression of NR1 with either NR3A or NR3B yields glycine-gated receptors in oocytes (7) .
We used the single-molecule colocalization method to infer the rules governing the stoichiometry of functional NMDA receptors formed by coexpression of NR1, NR2, and NR3 and by NR1, NR3A and NR3B in oocytes. In principle, the receptors could follow several assembly rules. They could coassemble the non-NR1 subunits in a stoichiometric fashion, where each subunit is represented once. Alternatively, assembly may be random, with equal chances of selecting one non-NR1 subunit as the other. In another alternative, an exclusion rule may apply so that if a receptor contains one non-NR1 subunit, it cannot contain the other.
To calibrate our analysis of the single-molecule distributions, we began with model experimental combinations based on the known 2:2 diheteromeric assembly of NR1 with NR2 and NR1 with NR3. A comparison of the experimental behaviors with Monte Carlo simulations asserted that our approach can discriminate between different assembly rules and gave predictions for triheteromeric receptor assemblies. We then tested the outcome of the three-way coexpression of unlabeled NR1 along with NR2 labeled with GFP (green) and NR3 labeled with ttTomato (red). The results showed a very small overlap of green and red spots, indicating that the three subunits were segregated into two separate populations of receptors: some being 2:2 NR1/NR2 receptors and others being 2:2 NR1/NR3 receptors. Similarly, we tested the coassembly of unlabeled NR1 along with NR3A labeled in red and NR3B labeled in green and observed an overlap that is consistent with a stoichiometric assembly where two NR1s assemble with one NR3A and one NR3B subunit.
Our observations provide the means of inferring the assembly rules that govern the formation of heteromeric NMDA receptors. Depending on the mixture of subunits, functional receptors on the cell surface may follow an exclusion or stoichiometric combination rule, providing an important constraint on functional diversity. This approach should make it possible to elucidate the role of differences in assembly/trafficking rules in setting the functional properties of receptors in different cell types.
Results

FP
Tagging of NMDA Receptor Subunits. We constructed fusion proteins of the NMDA receptor subunits NR1, NR2, or NR3 and either GFP or a red FP derived from the tandem dimeric FP tdTomato (18) . FPs were attached to the C terminus of the proteins to ensure that only fully translated proteins carry a fluorescent tag. Because of the low probability of tdTomato being fluorescent, we fused two copies of tdTomato together to yield a tandem tetrameric red FP that we termed ttTomato. The probability that a subunit labeled with the red ttTomato tag would be seen was Ϸ80%, similar to what we had observed for a single GFP (4). We tagged NR2, the subunit that expressed at the slowest speed, with the smaller GFP and used the larger ttTomato to tag the other subunits. The C-terminally tagged receptors were functional, as shown by currents evoked by glutamate and glycine in oocytes expressing NR1 and NR2B-GFP and by glycine alone in cells expressing NR1 and NR3A-ttTomato [supporting information (SI) Fig. S1 ].
X. laevis oocytes were injected with RNA and imaged 12-24 h later. We expressed the receptors at a low density so that fluorescent spots on the surface of the cell were spaced far enough apart to correspond to single receptors in most cases (4). We focused exclusively on receptors that were located on the cell surface by using TIR fluorescence microscopy, where the incoming laser beam is reflected at the coverslip/sample interface, and an exponentially decaying evanescent wave in the sample space restricts the illumination to a thin layer close to the coverslip. We recorded movies where first ttTomato was excited and detected and then we excited and detected GFP, allowing us to avoid complications of FRET from GFP to ttTomato and enabling us to see photobleaching of the tags and movement of receptors in the membrane over the duration of the movies (Movie S1). Upon excitation, single GFP or ttTomato tags in the attached cell membrane were visible as green or red fluorescent spots. Most receptors were immobile throughout the duration of the acquisition (see SI Text). Overlap of the positions of the fluorescence intensity peaks between the two colors showed the colocalization pattern of the FP-labeled NMDA receptor subunits in the cell membrane (Fig. S2 ).
Possible Assembly Rules. Before we tried to resolve the rule governing the assembly of the triheteromeric receptors we established a hierarchy for different assembly scenarios that would result in different degrees of overlap of the red and green fluorescence. We considered four scenarios that were relevant for our experiments (Fig. 1) . In scenario i, in diheteromeric NR1/NR2 receptors, where one subunit type is labeled in green and the other in red, the known stoichiometric 2:2 assembly should yield two red and two green subunits. On the other hand, there are different predictions for mixtures of three different subunits, where unlabeled NR1 always contributes two subunits to the tetrameric complex. In scenario ii, Fig. 1 . We considered four different assembly scenarios for assembly of NMDA receptors: scenario i, a stoichiometric assembly where two red-labeled NR1 and two green-labeled NR2 subunits coassemble; scenario ii, a stoichiometric assembly where two unlabeled NR1 subunits assemble with one red and one green subunit; scenario iii, random assembly where two unlabeled NR1 subunits assemble randomly with two red or green subunits; and scenario iv, an exclusion rule where two unlabeled NR1 subunits assemble with either two red or two green labeled subunits, but never form a triheteromeric receptor. We tested scenario i with NR1 and NR2 or NR1 and NR3 and scenario iii with unlabeled NR1, red NR3A-ttTomato, and green NR3A-GFP.
a stoichiometric assembly rule would yield two untagged subunits, one red subunit and one green subunit. In scenario iii, a random assembly rule would yield two untagged NR1 subunits and either two red subunits or two green subunits or one red and one green subunit. In scenario iv, an exclusion rule would yield two untagged NR1 subunits and either two red subunits or two green subunits, but never a mix of red and green. The degree of colocalization of red and green is expected to decrease progressively from scenario i to scenario iv. Scenario i would result in larger overlap than scenario ii, because in scenario i two subunits of each color are present, whereas there are only half as many labeled subunits in scenario ii. The overlap in scenario ii will be bigger than in scenario iii because in scenario iii subunits tagged with the same color can combine. And finally, scenario iii would show more colocalization than scenario iv, because scenario iv does not generate any receptors containing both tags.
Scenarios i and iii are experimentally accessible. We could model the 2:2 stoichiometric assembly rule i by coexpressing NR1 in one color, and either NR2 or NR3 in the other color. We could model the random assembly rule iii by coexpressing unlabeled NR1 with NR3A-GFP mixed with NR3A-ttTomato. After establishing reference values for the red and green overlap in these scenarios, we tested whether assembly rule ii, iii, or iv is followed for the three-way coexpression of NR1/NR2/NR3 and NR1/NR3A/NR3B.
Fluorescence Colocalization for the 2:2 Stoichiometric Assembly. To model 2:2 stoichiometric assembly rule i, we first chose NR1 labeled with ttTomato and NR2B labeled with GFP, because these subunits are known to assemble with a 2:2 stoichiometry into the NR1/NR2B receptor. A large fraction of the spots (62% Ϯ 1.8%; n ϭ 7) displayed both red and green fluorescence ( Fig. 2A) , and smaller fractions of unpaired spots (red: 17% Ϯ 1.7%; green: 22% Ϯ 1.9%).
We repeated this experiment with the other subunits that we intended to test for the assembly of triheteromeric receptors, namely NR2A-GFP, NR3A-ttTomato, and NR3B-ttTomato, and obtained similar results. NR3A-ttTomato coexpressed with NR1-GFP yielded fluorescent spots that were red ϩ green 68% Ϯ 1.8% of the time, red alone 15.6% Ϯ 1.4% of the time, and green alone 16.4% Ϯ 1.4% of the time (n ϭ 5) (Fig. S3a) . NR3B-ttTomato coexpressed with NR1-GFP yielded fluorescent spots that were red ϩ green 66% Ϯ 2.6% of the time, red alone 15.6% Ϯ 1.9% of the time, and green alone 17.9% Ϯ 2.8% of the time (n ϭ 5) (Fig. S3b) . NR1-ttTomato coexpressed with NR2A-GFP diffused considerably in the membrane, resulting in significant displacement during the interval when we switched from imaging ttTomato to imaging GFP and interfering with the analysis. Interestingly, whereas NR1-ttTomato/NR2A-GFP were mobile, NR1/NR2A-GFP receptors were immobile, suggesting that the ttTomato tag on NR1 obstructs the PDZ binding motifs on both NR1 and NR2A.
Under the conditions used in our experiments, NR1/NR2 and NR1/NR3 receptors form heterotetramers in a 2:2 stoichiometry, as shown previously by counting the number of bleaching steps from GFP-labeled subunits (4). Therefore, these results for the diheteromeric NR1/NR2 and the NR1/NR3 receptors provide a reference value for the colocalization in the case of 2:2 stoichiometric assembly rule i of Ϸ65%.
Reference Distribution for Random Assembly. Having determined the behavior of subunits that assemble according to the 2:2 stoichiometric rule, we next assessed the behavior that would be observed when two green or red subunits assemble randomly with two unlabeled subunits, i.e., assembly rule iii. To model this experimentally, we coexpressed NR3A-GFP and NR3A-ttTomato along with unlabeled NR1, knowing, based on earlier work (4) , that each receptor would contain two untagged NR1 subunits and two NR3A subunits, with the NR3A subunits both being red, or both being green, or one being red and the other green. We observed 38% Ϯ 1.2% red-alone spots, 38% Ϯ 1.3% green-alone spots, and 24% Ϯ 2.2% red ϩ green spots (n ϭ 6) (Fig. 2B) .
This experiment also enables us to estimate the degree of the colocalization that would be expected for a stoichiometric triheteromeric coassembly according to rule ii of two unlabeled NR1s, with one NR2 labeled in green, and one NR3 labeled in red. In this scenario, we would expect colocalization of green with red, but to a lower degree than for 2:2 stoichiometric assembly i, where there are two tags of each color, and to a larger degree than for the random assembly iii of green and red labeled NR3A with two untagged NR1 subunits, where there is a sizable chance that red will coassemble with red, or green with green (i.e., between 24% and Ϸ65%). For assembly rule iv, where redand green-labeled subunits are excluded from the same receptor, we would expect no colocalization or a very small overlap originating from the rare case where two receptors, one red and one green, are by chance located very close to each other.
Coexpression of NR1, NR2, and NR3. Having established the degree of colocalization for assembly rules i and iii, we coexpressed NR1, NR2, and NR3 subunits together in all four A/B subunit combinations: NR2AϩNR3A, NR2AϩNR3B, NR2BϩNR3A, and NR2BϩNR3B. In these experiments, NR1 was unlabeled, NR2A and NR2B were labeled with GFP, and NR3A and NR3B were labeled with ttTomato. Strikingly, we consistently observed a very low incidence of colocalization of the red and green fluorescent spots for all of the subunit combinations (NR2A/ NR3A: 2.7% Ϯ 0.6%, n ϭ 5; NR2A/NR3B: 4.9% Ϯ 0.5%, n ϭ 5; NR2B/NR3A: 4.2% Ϯ 0.6%, n ϭ 6; NR2B/NR3B: 3.6% Ϯ 1.1%, n ϭ 5) (Fig. 2C and Fig. S3 c-e) . To exclude the possibility that the two FP tags on the same side of the membrane prevented the NR2 and NR3 subunits from coassembly into the same receptor, we repeated one experiment with an N-terminally tagged NR2B subunit, thus placing GFP on the external side of the membrane. We coexpressed untagged NR1 with GFP-NR2B and NR3A-ttTomato and observed a similar low degree of colocalization of red and green spots (4.9% Ϯ 0.9%; n ϭ 5) (Fig.  S3f) . These distributions were distinct from both the stoichiometric assembly and random assembly reference experiments and differed extremely from what we would predict for a stoichiometric assembly of two NR1 subunits with one green NR2 and one red NR3 subunit. Instead, the results were compatible with exclusion rule iv, in which NR2 and NR3 do not coassemble into the same receptor, but form separate populations of NR1/NR2 and NR1/NR3 receptors.
Although we observed a very low probability of overlap of green and red spots, we did find a few spots that contained both red and green fluorescence. This overlap is likely to be caused by a low probability coincidence of two receptors, one containing two green NR2 subunits and the other containing two red NR3 subunits, being situated by chance so close to one another (within 150 nm) as to appear to lie within a single diffraction-limited spot. As we will show below, this interpretation was supported by Monte Carlo simulations in which spot density was modeled based on the density of receptors in our experiments.
Coexpression of NR3 Reduces NR1/NR2 Receptor Density. In our three-way NR1/NR2/NR3 coexpression experiments we noticed a reduction of receptor density when all three subunits were coexpressed compared with the case where NR1 was coexpressed with either NR2 alone or NR3 alone. To examine the decrease in receptor density quantitatively, we counted the number of NR1/NR2B-GFP receptors on the cell surface when different amounts of NR3A RNA were coinjected into the oocytes. We found that the density of NR1/NR2B receptors decreased from 146 Ϯ 40 (n ϭ 8) in the 13 ϫ 13-m 2 imaged area for no coinjected NR3A RNA down to 0 (n ϭ 6) when 10 ng of NR3A RNA was coinjected, with an intermediate level of 47 Ϯ 9 (n ϭ 8) for 1 ng of NR3A RNA. The same trend was found when RNA encoding the red-tagged NR3A-ttTomato was coinjected. The number of N1/NR2B-GFP receptors decreased from 186 Ϯ 65 (n ϭ 4) without NR3A-ttTomato to 9.5 Ϯ 9.5 (n ϭ 6) with 50 ng of NR3A-ttTomato with an intermediate level of 38 Ϯ 19 (n ϭ 6) with 5 ng of NR3A-ttTomato RNA (Fig. S4) . The larger amount of NR3A-ttTomato RNA compared with untagged NR3A RNA needed for suppression of the NR1/NR2B-GFP receptors is caused by the larger size of the RNA (about twice), which resulted in fewer RNA molecules per unit weight, expected longer translation time, and observed longer time required for expression. The reduction in the number of NR1/ NR2B receptors that we detected on the cell surface upon coexpression of NR3 agrees with the earlier functional measurements (9-11) and suggests that NR1 and NR2B coassembled with NR3 inside the cell and were retained in internal membrane. Importantly for our experiments, the ttTomato tag at the NR3A subunit did not interfere with this behavior.
We show that the reduction of glutamate-induced current by the addition of NR3 to a mixture of NR1 and NR2, which is observed in all studies on oocytes, is not caused by formation of trihetromeric receptors, as had been previously thought, but by a decrease of the number of NR1/NR2 receptors appearing at the cell surface.
Coexpression of NR1, NR3A, and NR3B. We tested the colocalization of NR3A and NR3B when coexpressed with NR1. As before, NR1 was not labeled, NR3A was labeled with ttTomato, and NR3B was labeled with GFP. We found that 55.8 Ϯ 2.0% of spots had both red and green fluorescence, whereas 31.9 Ϯ 1.4% were only green and 12.1 Ϯ 1.3% were only red (n ϭ 6) (Fig. 2D) . This distribution could not be explained by random colocalization of red-and green-labeled subunits, which would have given an overlap of only 24% Ϯ 2.2% red ϩ green spots. However, it is consistent with scenario ii, where two unlabeled subunits always coassemble with one subunit of each color, so that every receptor contains two NR1 subunits, one NR3A and one NR3B subunit.
Monte Carlo Simulations. To assess mathematically whether the observed overlap of red and green fluorescent spots in our coexpression experiments reflects the possible assembly rules, we used Monte Carlo simulations to model the system. We assumed a geometric structure of the oocyte membrane that leads to a uniform distribution of receptor distances from the coverslip. This assumption was based on two observations. First, the attached part of the oocyte membrane consists mainly of microvilli, which are membrane protrusions of Ϸ1 m in length (see figure 2 in ref. 19) . Second, fluorescent molecules diffusing in the cell membrane were seen to move out of focus, indicating a change in distance from the coverslip. Because of the TIR illumination of the cell, the emission intensities of the fluorophores decrease exponentially with the distance from the coverslip, leading to a prediction that chromophore intensity would be distributed exponentially. Another influence on emission intensity that needed to be accounted for was the number of fluorescent tags at one receptor. Based on earlier experiments (4), we assigned a probability for GFP to be fluorescent of 80%. For the red fluorescent tag, we found experimentally that the probability that a Tomato monomer would be fluorescent was Ϸ35% (data not shown), meaning that the tetrameric ttTomato tag (four Tomato tags in tandem) had a similar chance of being fluorescent as a single GFP. The consequence of the incomplete probability of fluorescence of the tags is variability in fluorescence intensity. For example, an NR1:NR2 receptor could contain zero to two functional GFP tags and zero to eight functional Tomato monomers (from the two ttTomato tetramers).
After generation of the spatial and intensity distributions of the fluorescent tags, we modeled the detection based on the optical properties of our imaging system and experimental observations. Although, in theory, the spatial intensity distribution for a spot should be an Airy disk, we generated the spots as Gaussian intensity distributions, using an experimentally determined half-width of 350 nm. We observed a light halo around each spot in our experiments, which we attributed to light scattering in the optical path, and modeled these by adding a blurred copy of the image. In addition, we added exponentially distributed noise to the image, which in the experiments originated mainly from background noise that was multiplied by the electron multiplying cascade in the EMCCD camera. The intensity levels of the spots and the halo and noise for both green and red colors were adjusted to levels similar to what we observed in our experiments (Fig. 3) . The locations of receptors were distributed randomly. We covered densities of red and green spots that were in the range observed in our experiments, i.e., between 100 and 500 spots in a field of view of 13 ϫ 13 m 2 . We observed only small differences in colocalization of red and green spots between the lower and higher densities, except for the exclusion rule, where the only source of overlap is caused by red and green spots lying too close to one another by chance to be distinguished optically. For the simulations below, we used a total of 300 spots in an area of 13 ϫ 13 m 2 . The four different scenarios that were relevant for our experiments were: scenario i, a 2:2 stoichiometric assembly rule with two red and two green subunits; scenario ii, a 1:1 stoichiometric assembly rule with two unlabeled subunits and one red subunit and one green subunit; scenario iii, a random assembly, where two unlabeled subunits assemble with two that may be both either red or green, or where one may be red and the other green, or scenario iv, an exclusion rule, where two untagged subunits assemble with either two red or two green subunits. For these scenarios, our Monte Carlo simulations yielded the following fractions of spots that showed both red and green fluorescence (n ϭ 8 each): scenario i, 79% Ϯ 1.7% (two red ϩ two green); scenario ii, 64% Ϯ 0.9% (two unlabeled ϩ one red ϩ one green); scenario iii, 33% Ϯ 1.1% (two unlabeled ϩ two random); and scenario iv, 2.8% Ϯ 0.3% (two unlabeled ϩ two red or two green).
The degree of red-green colocalization for the Monte Carlo simulations of scenarios i and iii were close to the reference experiments (deviation Ϸ10%). As expected, the incidence of colocalization for 1:1 stoichiometric assembly ii was intermediate between 2:2 stoichiometric assembly i and random assembly iii (Fig. 4) . The results of the NR1, NR2, and NR3 three-way coexpression experiments, which showed red ϩ green fluorescence ranging from 2.7% Ϯ 0.6% to 4.8% Ϯ 0.5%, were most closely approximated by the Monte Carlo simulations for scenario iv, the exclusion rule (2.8%), and differed considerably from the simulations of the other scenarios (33%, 64%, 79%). The result of NR1, NR3A, and NR3B coexpression with a red ϩ green overlap of 55.8 Ϯ 2.0% was close to what was expected from the Monte Carlo simulations for scenario ii, the 1:1 stoichiometric assembly (64%).
Thus, for the coassembly of NR1, NR2, and NR3, the simulations support the conclusion that, although all three subunit types are present in the cell, an exclusion rule prevents triheteromeric receptors from getting to the cell surface, leading to two distinct populations on the plasma membrane: NR1/NR2 receptors and NR1/NR3 receptors. For the coexpression of NR1 with NR3A and NR3B, our simulations support the notion that directed assembly or increased transport leads to a large excess of NR1/NR3A/NR3B receptors over NR1/NR3A and NR1/ NR3B receptors at the cell surface.
Discussion
Based on subunit availability and interaction affinity, multimeric membrane proteins may form in fixed or mixed stoichiometries that assemble together different subunits. Bulk assays may not be able to distinguish between these possibilities, especially when the focus of interest is on a fraction of the protein at its site of function in the cell. We developed an application of TIR fluorescence microscopy to determine the subunit composition of proteins at the plasma membrane.
Our single-molecule approach is able to determine subunit stoichiometry of membrane proteins on the surface of a cell, where they are functional and have already gone through the quality-control steps of membrane targeting. Measurements were made simultaneously for many receptors, yielding distributions from which it was possible to deduce the rule that governs receptor assembly. The single-molecule approach provided the advantage of enabling us to work at low levels of protein expression that resemble what is found in cells. Unlike earlier work, where we assessed subunit stoichiometry by counting steps of photobleaching of one kind of FP tag (4), the current approach was based on the colocalization of two different color FP tags, which were attached to the different NMDA receptor subunit subtypes, enabling the degree of coassembly to be measured. We demonstrated that our approach can reliably discriminate between stoichiometric and random assembly scenarios of known diheteromeric receptors composed of NR1 coassembled with either NR2 or NR3. These experiments served as references for deciphering the unknown composition of triheteromeric NMDA receptors. Monte Carlo simulations confirmed that it should be possible to distinguish experimentally between stoichiometric, random, and exclusion rules of subunit assembly.
First, we tested the outcome of the three-way coexpression of unlabeled NR1 along with NR2 labeled in green and NR3 labeled in red. The results showed a very small overlap of green and red spots, indicating that the two labeled subunits were segregated into separate populations of NR1/NR2 and NR1/ NR3 receptors. In our second experiment, we coexpressed unlabeled NR1 with red NR3A and green NR3B and found a large overlap of the two colors, which was much bigger than what Fig. 4 . Summary of percentage of colocalization of red-and green-tagged subunits in three-way coexpression of NR1 ϩ NR2 ϩ NR3 compared with reference experiments of known stoichiometry. In the reference experiments with NR1/NR2 and NR1/NR3, diheteromeric receptors assembled in a 2:2 stoichiometry (scenario i) or a random assembly of two red and green labeled subunits with two unlabeled subunits (scenario iii). Coexpression of NR1 ϩ NR3A ϩ NR3B results in a degree of overlap that lies between the two reference combinations, as predicted for the 1:1 stoichiometric assembly in scenario ii. Three-way coexpression of NR1 ϩ NR2 ϩ NR3 yielded such a low incidence of colocalization of red and green FPs as to indicate that NR2 and NR3 do not coassemble into the same receptor, which is referred to as scenario iv.
we expected for random coassembly of NR3A and NR3B. This finding suggests a preferential coassembly of NR3A with NR3B or an enhanced retention of NR1/NR3A and NR1/NR3B receptors and/or facilitation of trafficking of NR1/NR3A/NR3B receptors to the cell surface.
Our experiments resolved the question of whether triheteromeric NR1/NR2/NR3 receptors form in Xenopus oocytes. As summarized in the Introduction, in certain cortical neurons at one developmental stage the observation of single-channel currents with mixed properties from NR2 and NR3 subunits suggested the formation of the triheteromeric receptors (16) , but in HEK293 cells and oocytes previous results are inconsistent. Several earlier studies have assumed that the formation of receptors in cells coexpressing NR1, NR2, and NR3 follows a single rule across cell types. However, our experiments demonstrate that in Xenopus oocytes, triheteromeric NR1/NR2/NR3 receptors do not form or form only with an extremely low probability. We conclude that the assembly rules depend on the cell type in which the subunits are expressed, and that the notion of a general three-way assembly rule of NR1, NR2, and NR3 into tri-heteromeric NR1/NR2/NR3 receptors has to be revised. Our finding raises the possibility that different assembly rules apply to NR3-containing receptors in different classes of neurons.
We also obtained insight into the rules governing the formation of triheteromeric NR1/NR3A/NR3B receptors. When only one type of the NR3 subunit had been coexpressed with NR1, we were able to observe diheteromeric NR1/NR3A receptors or NR1/NR3B receptors. However, when NR1 was coexpressed with both NR3A and NR3B, the triheteromeric receptor appeared at a much higher rate than what we expected from random coassembly of NR3A and NR3B into the same receptor. The prevalence of NR1/NR3A/NR3B over NR1/NR3A and NR1/NR3B suggests either preferential assembly or preferential trafficking of the trihetromeric receptor compared with the diheteromeric receptors. As far as we are aware, this combination has yet to be studied in neurons, where NR3 subunits are thought to only function as parts of heterotrimeric, NR2-containing, glutamate-gated receptors, rather than as glycinegated NR2-less receptors.
Materials and Methods
DNA Constructs for FP-Labeled NMDA Receptor Subunits. ttTomato was constructed from two tdTomato (18) with a flexible 20-aa linker. Monomeric EGFP and ttTomato were C-terminally fused to NMDA receptor subunits with a flexible 16-aa linker. Tag sizes were 255 aa for GFP and 988 aa for ttTomato. RNA amounts injected were determined empirically to give desired expression levels after 12-24 h and were between 2.5 and 50 ng for each construct (see SI Text).
Total Internal Reflection Microscopy with X. laevis Oocytes. TIR microscopy was done as described (4, 19) . Devitellinized Xenopus oocytes were attached to a coverslip, and movies of 500 frames (10 -30 fps) were acquired with 532-nm illumination for ttTomato emission and 488 nm for GFP through an Olympus ϫ100/NA1.65 objective (see SI Text).
Extraction of Red/Green FP Overlap from Experiments. Between 4 and 10 frames for each color were extracted from the movies and averaged. After spatial band-pass filtering (filter cut-offs of 75 and 750 nm) for removal of background fluorescence and reduction of noise, peaks down to an appropriate intensity threshold were selected, and Gaussian profiles were fitted to spots for exact determination of the center positions. Red and green spots were overlaid, and spots closer than three pixels (150 nm) were considered to be colocalized. The amount of overlap was expressed as the ratio of overlapping spots to all spots (see SI Text).
